Objectives Air pollution exposure may contribute to the development of preeclampsia and hypertension during pregnancy. However, the evidence for such a relation is still limited. We investigated the associations between exposure for moderate to low levels of air pollution during pregnancy and preeclampsia and gestational hypertension in selected urban and county areas of Norway. Methods This study used a sub-group of 17,533 women in the Norwegian Mother and Child Cohort Study. Air pollution levels at residential addresses were estimated using land use regression models and back-extrapolated to the period of each pregnancy. Information on preeclampsia and gestational hypertension were obtained from the Medical Birth Registry of Norway and information on lifestyle factors was collected from questionnaires completed by the women during pregnancy. Results Moderate mean levels of NO 2 (13.6 ± 6.9 µg/m 3 ) at residential address during pregnancy were not associated with preeclampsia and pregnancy hypertension. We found no statistically significant associations per 10 µg/m 3 change in NO 2 exposure and preeclampsia (adjusted OR 0.89, 95% CI 0.74, 1.08) or hypertension during pregnancy (adjusted OR 0.91, 95% CI 0.78, 1.06). Conclusions for Practice In this large Norwegian pregnancy cohort, we found no statistically significant associations for moderate to low levels of pregnancy NO 2 exposure and preeclampsia or hypertension during pregnancy.
Introduction
Preeclampsia is a serious pregnancy complication associated with morbidity and mortality in both mothers and newborns, affecting around 2-8% of pregnancies (Steegers et al. 2010; Sibai et al. 2005) . The causes of this multisystem disorder are largely unknown. Pathological changes during 1 3 preeclampsia involve disturbed implantation process, placental oxidative stress, increased endothelial activation, and excessive systemic inflammatory response on a later stage of the disease (Steegers et al. 2010 ). Exposure to air pollution is associated with low-grade systemic inflammation and oxidative stress (Brook et al. 2010) , which might interact with the vascular remodeling and systemic functional changes during pregnancy. A number of epidemiological studies have shown an association of pregnancy exposure to air pollution and preeclampsia and hypertensive disorders of pregnancy (Hooven et al. 2011; Malmqvist et al. 2013; Olsson et al. 2013; Dadvand et al. 2013; Pereira et al. 2013; Xu et al. 2014) . Recent reviews indicate that the number of studies is still relatively low, and more research is needed to address the effect of exposure at different gestational periods, the significance of exposure for different clinical manifestations, the role of individual source-specific pollutants and their composition, and applying more individualized exposure assessment methods is preferable (Pedersen et al. 2014; Hu et al. 2014 ). The reported odds ratios for associations of pregnancy exposure to air pollution and these outcomes have been relatively low (Pedersen et al. 2014; Hu et al. 2014) , with an overall OR of 1.20 for NO 2 , 95% CI 1.00, 1.44 (N = 16) (Pedersen et al. 2014) . Given the omnipresence of air pollution exposure, the effect on public health may be considerable.
In this study, we investigated the associations between estimated exposure to traffic-related air pollution during pregnancy and pregnancy preeclampsia and hypertension in selected urban and county areas of Norway. To our knowledge, this is the first Norwegian study of association of modelled air pollution exposure with preeclampsia and hypertension during pregnancy. Norway is characterized by relatively low levels of air pollution, and therefore provides a setting for analyzing whether such levels might contribute to the development of hypertensive disorders of pregnancy.
Methods

Study Population
The Norwegian Mother and Child Cohort Study (MoBa) is a prospective population-based pregnancy cohort study conducted by the Norwegian Institute of Public Health (Magnus et al. 2016) . Participants were recruited during week 17 of the pregnancy from all over Norway from 1999 to 2008. Among invited women, 41% consented to participate. Women could participate with more than one child, resulting in 114,500 children and 95,200 women included in the cohort.
All participants living in the study areas (Oslo, Akershus, Bergen and Hordaland) were eligible for our study (N = 22,149, 23.3%) . We excluded women with missing exposure information at residential address (N = 3876), multiple births (N = 664) and non-live births (N = 76). Only data on singleton live births were used in the analysis. Total number of participants from the studied areas with non-missing air pollution exposure data was 17,533 (79%), of which 4669 from Oslo, 7554 from Akershus, 3869 from Bergen and 1441 from Hordaland outside Bergen (Table 1) . Birth records were obtained from the Medical Birth Registry of Norway (MBRN).
Women participating in the MoBa study completed a number of questionnaires during follow-up. We used data on lifestyle characteristics from questionnaire 1 filled at recruitment (approximately at week 17-18 of pregnancy) and questionnaire 3 filled at week 30 of pregnancy. The women, included in this study, gave birth during the period from 2001 to 2009. MoBa has approvals from the Regional Ethics Committee and the Norwegian Data Inspectorate. The current study is based on version VI of the quality-assured data files released for research on the 15th April 2011.
Outcomes and Covariates
The outcomes, preeclampsia and hypertension during pregnancy, were defined based on the data from the MBRN records. In Norway, information from antenatal examinations and pregnancy outcomes are transferred by midwife or obstetrician into the standardized MBRN form (Klungsoyr et al. 2014; Engel et al. 2013; Skjaerven et al. 2002) . Preeclampsia was considered present if one of the following was indicated in the MBRN form: "preeclampsia" (N = 574, consisting of "preeclampsia light", "preeclampsia serious", and "preeclampsia unspecified"), "eclampsia" (N = 12), and "HELLP syndrome" (N = 19). Generally, preeclampsia was defined as persistent increase in systolic blood pressure to at least 140 mmHg and/or in diastolic blood pressure to at least 90 mmHg occurring after the 20th week of gestation, combined with proteinuria (protein excretion, at least 0.3 g/24 h or total protein/creatinine ratio > 0.3). Eclampsia was defined as convulsions occurring during pregnancy, childbirth or during the first 7 days after birth, with a previously diagnosed preeclampsia or gestational hypertension, without other neurological causes of convulsions. HELLP syndrome was defined as a syndrome of Hemolysis, Elevated Liver enzymes and Low Platelets. Separate MBRN outcome indicated hypertension during pregnancy (N = 941). Hypertension during pregnancy was defined as persistent increase in systolic blood pressure to at least 140 mmHg and/or in diastolic blood pressure to at least 90 mmHg occurring after the 20th week of gestation.
Adjustment variables (Table 1) were selected based on literature analyses and included diabetes mellitus, chronic hypertension, maternal age at delivery, maternal marital status, maternal education, sex of child, maternal prepregnancy BMI, parity, year of birth, smoking during pregnancy, and area. The following adjustment variables were extracted from the MBRN form: diabetes mellitus (including pregestational diabetes type 1, pregestational diabetes type 2, unspecified pregestational diabetes, gestational diabetes, antidiabetic medication during pregnancy registered without further information), chronic hypertension (defined as known hypertension before pregnancy or persistent increase in systolic blood pressure to at least 140 mmHg and/or in diastolic blood pressure to at least 90 mmHg occurring before 20 weeks of gestation), parity defined as number of previous deliveries (0; 1; ≥ 2), the women's age when giving birth (years), marital status (married/cohabit; other), sex of the child (boy; girl), year of birth. In addition, we used MoBa questionnaire information to determine the following adjustment variables: maternal education [less than high school; high school; up to 4 years of college; more than 4 years of college (master or professional degree)], maternal smoking during pregnancy (never; any smoking during pregnancy), maternal weight at the beginning of pregnancy (kg) and maternal height (cm) were used to calculate body mass index (BMI) (maternal weight divided by squared maternal height). The overweight category was defined as BMI ≥ 25.
Air Pollution Exposure
Sampling of air pollution was not part of the MoBa campaign, and is therefore done retrospectively. There were few available routine monitoring stations in the study areas during the observation period, and those available were situated near trafficked roads and often in a distance from populated areas. We therefore choose to use modelled air pollution exposures using non-concurrent measurements of air pollution combined with concurrent temporal variability from available monitoring stations in each study area. Estimates of air pollution exposure during pregnancy were based on the methodology developed for the European Study of Cohorts for Air Pollution Effects (ESCAPE) project Pedersen et al. 2013 ). Land use regression (LUR) models for NO 2 levels were built for the studied areas in order to account for regional specific variation (Panasevich et al. 2016 Bergen/Hordaland) were selected to represent the range of residential exposure for each study area. In the analyses we included only sites with no missing data, and with no geocoding mismatches. The models provided adjusted R 2 in the range 55-85% (Panasevich et al. 2016) .
LUR models were built separately for each area, three models in total (one model was built for the West Coast areas, Bergen and Hordaland, due to a low number of valid measurement sites for the latter). Predictors for building the LUR model were obtained from a GIS analysis of the N50 and VBASE maps (obtained in February 2013) providing information on land use, residential density, types of landscape and road network information. We built multiple linear regression models and performed diagnostic model tests according to the method described by Beelen and colleagues for the ESCAPE project .
We also included an analysis of distance from residential address at birth and road proximity. This was done as a comparison for the LUR model. For the road proximity analysis we included all categories of roads except walking and bicycling paths. The distance to the nearest road was calculated using the edge of the road for minor or major roads.
Yearly means of air pollution levels at residential address at birth were estimated using the resulting LUR models.
Variables included in the models were truncated in accordance to the range of corresponding variables used for LUR model building. Negative modelled values were replaced with 0.01 to avoid the unlikely scenario of negative exposure and at the same time reflect low exposure at residential home addresses (N = 112). The NO 2 exposure at these addresses are most likely in the lower end of the scale (Panasevich et al. 2016) . In order to account for temporal variability, we used the ratio method of back-extrapolation to the period of each pregnancy using continuous routine monitoring station data (Pedersen et al. 2013) . Daily NO 2 measurements from routine monitoring stations were obtained from the Norwegian Institute for Air Research database "Luftkvalitet. info" for the period 2000-2012 in Oslo (used for Oslo and Akershus), and for the period 2003-2012 in Bergen (used for Bergen and Hordaland). Daily estimates of exposure were calculated using the ratio method of back-extrapolation: the LUR-modelled yearly estimate multiplied by the ratio between daily NO 2 routine monitoring station measurement and an annual average for the year when the LUR measurement campaign took place. Daily NO 2 exposure estimates were averaged separately for 1st, 2nd, and 3rd trimester, and also over the whole pregnancy.
Statistical Analysis
Generalized linear models was fitted to evaluate the associations between pregnancy NO 2 exposure and the outcomes (preeclampsia and hypertension during pregnancy). Results are presented for both crude and adjusted models as OR. Road proximity was not included in the models using NO 2 exposure. Multiplicative interactions were tested in the adjusted models between continuous air pollution exposure from NO 2 during pregnancy and the following categorical variables: maternal diabetes and chronic hypertension, smoking during pregnancy, parity, season of birth, sex and area.
Sensitivity analyses were performed by (a) restricting the analysis to women who did not change address during pregnancy, and (b) restricting the analysis to pregnancies during the last period (2005) (2006) (2007) (2008) of the MoBa recruitment, and (c) excluding the area of Hordaland from the models. The latter due to how this area differed from the other areas with high prevalence of preeclampsia and pregnancy hypertension, and low prevalence on several risk factors (Panasevich et al. 2016) . Area variable may reflect the spatial distribution of air pollution, and therefore we performed a separate post hoc analysis by excluding the area variable from the adjusted model. In addition, we performed a post hoc analysis excluding all chronic hypertension cases from the adjusted model, since different etiological mechanisms may be involved for these women.
We used ArcGIS10.1 software (Esri, CA, USA) for GIS analyses; statistical analyses were performed using STATA 13.0 (StataCorp, Texas, USA).
Results
The study population with included in this study (with pregnancy air pollution exposure) had similar characteristics as the whole MoBa cohort study. Preeclampsia was reported in 3.4% of the women, ranging from 2.9% in Akershus to 5.0% in Hordaland (Table 1) . Hypertension during pregnancy was reported in 5.4% of women.
The majority (86.7%) of the women did not change address during pregnancy. Parity ≥ 2 was more common in Hordaland (26%), and less common in Oslo (9.1%). Maternal smoking during pregnancy was relatively uncommon (6.2%). Diabetes was reported in 1.6% of the women (Table 1 ) and 27.6% were overweight (BMI > 25).
The levels of modeled NO 2 exposure during pregnancy for the study population ranged from 0.01 to 60.5 µg/ m 3 (0.01-48.4 ppb), with a mean of 13.6 ± 6.9 µg/m 3 (10.9 ± 5.5 ppb). A total of 27 women had NO 2 exposure above 40 µg/m 3 their residential address at time of giving birth. NO 2 exposure during entire pregnancy was highest in Oslo [21.6 ± 4.4 µg/m 3 (17.3 ± 3.5 ppb)] and lowest in Hordaland [6.3 ± 4.3 µg/m 3 (5.0 ± 3.4 ppb)]. Exposures by trimester and the whole pregnancy exposure were highly correlated and therefore we decided to use one exposure estimate: the average NO 2 exposure during the whole pregnancy. Having a nearest road within 15 m to the house was common and reported in 46.6% of the studied population. A total of 99.8% of the women lived within 100 m from a road. We therefore choose to categorize into < 15 m (exposed) and equal or above 15 m (unexposed). It should be noted that this metric is different from those used by other authors, where the distances range up to several 100 m (Pedersen et al. 2014) .
We found no associations of NO 2 exposure during pregnancy with preeclampsia or gestational hypertension in the overall analyses (Table 2) . Residential road proximity closer than 15 m had a statistically significant association with increased odds ratio for gestational hypertension in crude analysis of 1.23 (95% CI 1.08, 1.40), but not in the adjusted model. In the stratified analysis by area, we observed no statistically significant associations for either pregnancy NO 2 exposure or road proximity. However, the point estimates for comparing road proximity higher than 15 m to those lower than 15 m, was above 1.0 with the lower limit of the 95% confidence intervals in the adjusted model for road proximity barely covering 1.0 for both outcomes (Table 2 ). We also noted that the point estimates for association between pregnancy NO 2 and preeclampsia were highest for Oslo (Table 3) , although not statistically significant (adjusted OR 1.27, 95% CI 0.83, 1.95). The point estimate for road proximity below 15 m and preeclampsia in Oslo was also highest in this area (adjusted OR 1.36, 95% CI 0.93, 1.98). We also found that the highest point estimate in Oslo for gestational hypertension and pregnancy NO 2 exposure (adjusted OR 1.18, 95% CI 0.87, 1.60) ( Table 3) .
We did not find any evidence of effect modification by the adjustment variables. When the area variable was excluded from the adjusted models the post hoc analysis, the association of road proximity with gestational hypertension became statistically significant (adjusted OR 1.16, 95% CI 1.01, 1.34). Results of the post hoc analysis without chronic hypertension cases did not change substantially. Sensitivity analyses resulted in no substantial changes compared to the reported results. 
Comments
In this study, we found no statistically significant associations for pregnancy NO 2 exposure to traffic-related air pollution exposure at residential address at birth and preeclampsia or hypertension during pregnancy. In Oslo, where pregnancy NO 2 exposure was highest, risk of developing preeclampsia was above 1.0 compared to other areas, but not statistically significant. Likewise, the risk was increased (but not statistically significant) for women living at residences with close proximity to trafficked roads at birth. A number of studies have investigated the association of NO 2 and NO x with preeclampsia and gestational hypertension. Associations were reported in the studies of Malmqvist et al. (2013) (NO x and preeclampsia in Sweden), Pereira et al. (2013) (NO 2 and preeclampsia in Australia), Wu et al. (2009) (NO x and preeclampsia in USA), Xu et al. (2014) (NO 2 and hypertensive disorders of pregnancy in USA), and Pedersen et al. (2017) (NO 2 and road traffic noise for both preeclampsia and hypertensive disorders of pregnancy in Denmark). However, other studies did not find such association: Olsson et al. (2013) (NO 2 and preeclampsia in Sweden), van den Hooven et al. (2011) (NO 2 for both preeclampsia and gestational hypertension in the Netherlands).
In our four study areas, the mean NO 2 exposure during pregnancy was below the European Union air quality standard of 1-year average 40 µg/m 3 NO 2 (Table 1) . The low exposure in our study area could potentially explain finding no significant association of NO 2 exposure during pregnancy with preeclampsia and hypertension. Other air pollutants can have a more substantial contribution to the development of preeclampsia, compared to NO 2 levels. For example, in a number of studies investigating a range of air pollutants, associations was shown for PM10 and PM2.5, and not for NO 2 (Hooven et al. 2011; Dadvand et al. 2013 Dadvand et al. , 2014 Mobasher et al. 2013) . Associations with hypertensive disorders of pregnancy were also reported for exposure to O 3 , SO 2 and CO (Olsson et al. 2013; Xu et al. 2014; Mobasher et al. 2013; Lee et al. 2013) . In meta-analyses, PM2.5 have shown an overall stronger association with these outcomes (OR 1.57, 95% CI 1.26, 1.96) as compared to NO 2 (OR 1.20, 95% CI 1.00, 1.44) (Pedersen et al. 2014) .
Distance to major roads and traffic density was investigated in some studies with inconclusive results: no association with gestational hypertensive disorders (Hooven et al. 2009 ) or positive association with preeclampsia (Yorifuji et al. 2015) . Proximity to roads may serve as a proxy for exposure to a mixture of air pollutants, including various fractions of particulate matter. On the other hand, road proximity and traffic density measures could be associated with socioeconomic conditions. More studies are needed to address this issue.
The validity of preeclampsia registration in MoBa has been previously defined as satisfactory, with the overall positive predictive values above 83% (Klungsoyr et al. 2014) . Our study applied standardized individual exposure assessment for the large study population and detailed information on potential confounders was collected from birth records, in addition to questionnaires filled out during pregnancy (week 17/18 and 30). Estimates of traffic-related air pollution exposure was based on LUR models and temporal back-extrapolation of exposure during entire pregnancy at the address at birth. Such estimates might be a subject to non-differential misclassification of exposure due to changes in GIS-variables, differences in the participant's mobility or lifestyle factors. The exposures are also averages at homeaddress, thus ignoring diurnal variation in NO 2 measured by e.g. peak concentration values. However, results of the sensitivity analysis only in women who did not change address during pregnancy were similar to the overall analysis. Similarly, modelling exposure at residential address could be sensitive to changes due to available historic GIS-data. The results of the sensitivity analysis restricted to pregnancies during the last period of the MoBa recruitment were similar to the overall analysis. Road proximity provides a cruder estimate of traffic-related air pollution exposure and it might be more confounded by other factors in close proximity to the residences. Confounding from unmeasured factors, e.g. co-pollutants such as PM2.5 from different sources, could explain the change of association of road proximity with gestational hypertension from statistically significant in crude model to non-significant after adjustment. To our knowledge, this is the first Norwegian study of the association of traffic-related NO 2 exposure and preeclampsia. In this relatively new branch of air pollution epidemiology more research is needed in order to determine the critical levels of exposure and pollutants of primary concern for developing preeclampsia. Very few studies addressed the temporal exposure parameter and identification of critical windows of exposure in preeclampsia development. In our data, exposures by trimester were highly correlated with whole pregnancy exposure, and therefore we only assessed the exposure during entire pregnancy. In further research, residential exposure to air pollution could be accompanied by data on travelling or occupational exposures, which will also add important information to the identification of the critical windows of exposure.
In this large Norwegian pregnancy cohort we found no statistically significant associations for moderate to low levels of pregnancy exposure to NO 2 and preeclampsia or hypertension during pregnancy.
